The minimum size fragment of human cytomegalovirus AD169 required to initiate transformation was determined by transfection of primary rat embryo cells with deletion fragments constructed by digestion of a cloned fragment containing the transforming region (pCM4000) with exonuclease III and S1 nuclease. The results indicate that the left-hand boundary of the minimum size sequence for transformation must reside between 490 and 318 bases from the HindIll site of pCM4000. The Human cytomegalovirus (HCMV) a member of the human herpesvirus group, is capable of producing a permissive or latent infection in the human host. HCMV is also able to transform rodent cells in vitro to a malignant phenotype. Albrecht and Rapp (1) transformed hamster embryo fibroblasts with UV-irradiated HCMV. These transformed cells were tumorigenic in weanling Syrian hamsters, but less than 0.5% of the cells stained for HCMV-specific antigen by indirect immunofluorescence. Recently, we have demonstrated transformation of NIH 3T3 and primary rat embryo cells transfected with cloned restriction endonuclease DNA fragments of HCMV AD169 (22). The transfection of rodent cells with overlapping cloned segments of the AD169 genome identified a fragment of ca. 2.9 kilobases (kb) (pCM4000) capable of transforming these cells. This sequence is located near the left-hand end of the long unique segment between map units 0.123 and 0.14 on the AD169 genome. Cells transformed by transfection of these viral fragments were tumorigenic in nude mice.
cells transfected with cloned restriction endonuclease DNA fragments of HCMV AD169 (22) . The transfection of rodent cells with overlapping cloned segments of the AD169 genome identified a fragment of ca. 2.9 kilobases (kb) (pCM4000) capable of transforming these cells. This sequence is located near the left-hand end of the long unique segment between map units 0.123 and 0.14 on the AD169 genome. Cells transformed by transfection of these viral fragments were tumorigenic in nude mice.
The genome of HCMV AD169 is a linear, double-stranded DNA molecule of ca. 235 kilobase pairs (7, 8, 15, 33, 40) . This molecule contains two unique stretches of DNA, UL and Us, bordered by a pair of inverted repeats (7, 40) . Transcription of the Davis, Towne, and AD169 strains of the virus can be divided into three separate phases (6, 18, 37) . The RNA species transcribed before protein synthesis have been designated immediate early (IE) RNAs and are transcribed in restricted areas of the genome (6, 8, 37) . After the onset of viral protein synthesis, another class of RNA species, early RNA, is transcribed in abundance throughout the genome. The late RNAs are transcribed after onset of viral DNA replication. The transforming fragment of HCMV AD169 is located in an area of the genome which is heavily transcribed during the IE phase of virus replication.
To study the possible mechanism of HCMV transforma-tion, we approached the problem by making a series of deleted fragments from the recombinant plasmid containing the transforming region (pCM4000). With these fragments we determined the nucleotide sequence of the viral insert and possible open reading frames that might code for a gene product involved in transformation. The minimum size DNA fragment required for transformation was determined by transfecting primary rat embryo cells with a variety of these deletion mutants. The results indicate that the left-hand boundary for transformation must reside between 490 and 318 bases from the HindlIl site of pCM4000 and that the right-hand boundary is defined by the EcoRI site 20 bases from the HindlIl site.
MATERIALS AND METHODS Cells and culture methods. Cultures of primary rat cells were obtained by trypsinizing 14-day-old Wistar rat embryos. Cells used for transfection were passed no more than twice and grown in the Dulbecco modification of Eagle medium (DME; GIBCO Laboratories) with 10% fetal calf serum (FCS; Hyclone) on plastic tissue culture plates (Falcon Plastics). DNA um with 2% FCS was added and changed twice weekly. Colonies appeared after 3 to 4 weeks and were picked, and cell lines were grown and maintained in DME plus 10% FCS. Construction of deletion fragments. The recombinant plasmid pCM4000 containing the XbaI-HindIII fragment of HCMV at map positions 0.123 to 0.14 on the AD169 genome was utilized to make deletions (Fig. 1) . pCM4000 (20 ,ug) was linearized by digestion with XbaI (Bethesda Research Laboratories), followed by digestion at 21°C with 600 U of exonuclease III (New England Biolabs) in a total volume of 200 ,ul containing 0.066 M Tris (pH 8.0) and 0.66 mM MgCl2 according to the conditions described by Sakonju et al. (27) . A volume of 5 jxl was removed at 30-s intervals for 40 min and pooled into 80 ,ul of lOx Si buffer (0.5 M sodium acetate [pH 4.5], 1.5M NaCl, 5 mM ZnSO4). To this pool 580 pul of water was added with 250 vogt units of Si nuclease and incubated 15 min at 21°C, followed by 10 min at 0°C. After incubation, 100 pI of buffer containing 0.5 M Tris (pH 9.5) and 100 mM EDTA was added to the mixture to stop the reaction. The sample was phenol extracted two times, ether extracted three times, and ethanol precipitated. A 6 or 8% polyacrylamide were used to resolve the products. The gels were exposed for 12 h to XAR-5 X-Omat film (Kodak).
Deletions generated by the method described above were also sequenced by the method of Maxam and Gilbert (17) . Approximately 10 p.g of each deletion mutant used for sequencing was digested with BamHI and labeled at the 3' end with 10 U of reverse transcriptase (gift of Steve McKnight) in the presence of [32P]dCTP and [32P]dTTP, 0.5 mM dNTP, 5 mM dithiothreitol, 60 mM NaCl, 6 mM Tris (pH 7.8), and 6 mM MgCI2. The labeled mixture was ethanol precipitated, resolved by electrophoresis on a 1.2% agarose gel and electroeluted by the method of Tabak and Flavell (35) . Chemically degraded DNA fragments were sized on .05 M NaOH) and incubated at 37°C overnight to hydrolyze the RNA. After neutralization with the addition of 5.3 ptl of 1 N HCI, the mixture was phenol extracted, followed by the addition of 10 pug of Escherichia coli RNA and 1 ,ug of M13 (with the insert complimentary to the starting strand). After ethanol precipitation the pellet was dissolved in 10 pI of a solution consisting of 47.5% formamide, 0.4 M NaCl, 50 mM PIPES (pH 6.4), and 1 mM EDTA and incubated 4 h at 37°C. The mixture was treated by Si nuclease with the same protocol as above and then phenol extracted and ethanol precipitated. The pellet was suspended in 0.01 M Tris (pH 7.5) and 0.001 M EDTA and electrophoresed on a 1% agarose gel with the RNA:DNA hybrid sample. After electrophoresis the gel was treated with alkali, neutralized, and transferred to nitrocellulose by using 10x SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate) by the method of Southern (32) . Prehybridization and hybridization with 32P nick-translated pCM4000 were performed according to techniques previously described (22) .
RESULTS
Sequencing and reading frame analysis of pCM4000. The initial approach in determining the nucleotide sequence of pCM4000 was to randomly clone into the single-stranded phage M13 fragments of the viral insert of pCM4000 cut with restriction endonucleases that recognize four base pair sequences. These recombinant phages were used as a template for sequence analysis by the dideoxynucleoside triphosphate chain termination method (29) . With this approach 60% of the sequence of the transforming region was obtained. However, owing to the nonrandom positions of restriction enzyme sites which would be useful for cloning into M13, this strategy was not continued. It did however provide sequence data from the strand opposite that sequenced as described below.
The deletion fragments provided an alternative method to sequence the viral insert of pCM4000. Since we had previously shown that digestion of viral DNA with EcoRI before transfection decreased transformation efficiency, our strategy involved making deletion fragments from a point in pCM4000 distal from that site. The molecule was linearized with XbaI, digested with exonuclease III and S1 nuclease, ligated to synthetic BamHI linkers, and recloned into pBR322 (see above). A series of deletion fragments were obtained which decreased in size from the parental recombinant to 318 bases from the HindIII site. From this pool of shortened molecules, 21 recombinant clones with an average difference of 135 bases were selected for further studies (Fig.   2 ). This series of recombinants was restricted at the BamHI linker site, labeled at the 3' end with 32P-labeled nucleotides by avian myeloblastosis virus reverse transcriptase, and sequenced by the chemical degradation technique of Maxam and Gilbert (17) . The complete sequence obtained by this method is shown in Fig. 3 That no long open reading frame existed within pCM4000 suggested the possibility that RNA splicing might occur. The single-stranded recombinant phages containing both orientations of the transforming fragment were hybridized to the non-polyadenylated RNA and the results are shown in Fig.  4 . The results demonstrate IE (lanes 2 and 4) and late (lanes 7 and 8) RNA hybridized with the recombinant phage M13mpll, indicating that the direction of transcription is from left to right, that only one strand is transcribed, that this RNA is transcribed during IE and late times; and finally, that there is no splicing of the 5.0-kb RNA within pCM4000. The 2.84-kb bands detected in the M13mplO (lanes 1 and 5) are due to the presence of replicative intermediates of M13 DNA and can be eliminated by agarose gel purification of the single-stranded DNA phage (data not shown). The absence of bands occurring at the same molecular weight in the RNA:DNA hybrid (lanes 2 and 6) supports this assumption.
Transfection of primary rat embryo cells with deletion mutants of pCM4000. To delineate the boundaries of the transforming region within pCM4000, primary rat embryo cells were transfected with the deletion mutants utilized for sequencing. Both focus formation in low serum and colony formation in methylcellulose were used as selection methods. The results of the transfections are shown in Table 1 . The recombinant plasmid pJN201, containing the whole HindIII-E fragment as well as pCM4000, was positive for transformation of primary rat embryo cells, consistent with earlier studies. When the cells were transfected with the deletion fragments of pCM4000, both foci and methylcellulose colonies appeared with all of the mutants with the exception of pCM4204. Several transformed rat cell lines were established after transfection with all of the deletion mutants except pCM4115. The possibility that transfection with pCM4115 leads to abortive transformation is still being explored. Secondary transformants could also be obtained in primary rat cells when transfected with DNA extracted from deletion mutant transformants (data not shown).
From the sequencing data, it was shown that pCM4204 has a viral insert 318 bases in length, whereas pCM4115, which does transform, contains 490 bases of the original plasmid pCM4000. Our previous results indicated that treatment of viral DNA with EcoRI before transfection reduced transformation efficiency. When pCM4000 and two deletion mutants, pCM4133 and pCM4127, were digested with EcoRI, colony formation was reduced, confirming our earlier findings. These results indicate that the viral sequence required to transform rat embryo cells has a left-hand border which resides between bases 490 and 318 from the HindlIl site of pCM4000 and a right-hand border defined by the EcoRI site which is 20 bases from the HindIll site.
DISCUSSION
In this study deletion fragments of the transforming region of HCMV AD169 were constructed and utilized to determine the sequence and the minimum amount of DNA (11, 24) . However, sequences in the transforming region of HCMV do not function as any obvious promoter during viral replication. Secondly, another characteristic of A-T-rich sequences is their inability to bind nucleosomes (14) . These regions correlate with DNase I-hypersensitive sites which occur adjacent to activated genes (38) . Therefore, the transforming sequence of HCMV may alter the expression of some endogenous oncogene by integration in an adjacent region. A third possible mechanism could involve HCMV acting as a mutagen. Both adenovirus (16, 23) and herpesviruses (30) produce reversion of cells deficient in hypoxanthine-guanine phosphoribosyl transferase (HGPRT-) to HGPRT+ at a level significantly above spontaneous background. Viral encoded enzymes which modify or degrade DNA may be involved in this mutagenesis, but an alternative mechanism might involve active recombination and excision of specific viral sequences in the host genome. Finally, Rechavi et al. (26) examined chemically transformed mouse myeloma cells and found that there was a rearrangement at the 5' end of an activated c-mos gene. A stem loop structure with characteristics of an IS-like sequence was identified at this rearranged site. This sequence was found to have close homology with the long terminal repeat of a known intracisternal A-particle gene (13) . A similar structure is located near the HindlIl site of the HCMV-transforming fragment with the EcoRI site in the stem of this molecule. Experiments are in progress to determine whether this ISlike element is a significant factor in HCMV transformation.
A question which must be addressed is whether the sequences of HCMV AD169 involved in transformation are the same in all strains of HCMV. By DNA-DNA reassociation kinetics, the various strains of HCMV have been shown to share 80% homology in their nucleotide sequence (12, 25) .
However, the HCMV strains Towne and AD169 were found to contain sequences which were unique to each strain (25) . One of these unique sequence regions exists in the XbaI-N fragment of the Towne strain, which corresponds to the transforming region of the AD169 strain. These observations may indicate possible heterogeneity between various strains of HCMV in the transformation region. Transformation analyses with other laboratory strains of HCMV as well as with clinical isolates will be of interest in this context.
